Bioethanol has been used as an alternative energy source for transportation vehicles to reduce the use of fossil fuels. The separation of water-ethanol solutions from fermentation processes is still an important issue in the production of anhydrous ethanol. Using molecular dynamics simulations, we investigate the effect of axial electric fields on the separation of water-ethanol solutions with carbon nanotubes (CNTs).
Introduction
In addition to its wide use in industrial processes, ethanol has been considered a potential energy resource to reduce the use of fossil fuels, such as fuels for engines. [1] [2] [3] [4] The use of ethanol as an automobile engine fuel has significantly increased the production of bioethanol, [5] [6] [7] which is produced from various plants or biomass through ethanol fermentation processes. [8] [9] [10] [11] To obtain a homogeneous ethanol-gasoline mixture, water must not be present in the ethanol, and hence nearly pure ethanol (Z99.5 vol%) or anhydrous ethanol is required. [12] [13] [14] However, the presence of water in the fermentation processes cannot be avoided. With simple distillation, the purity of the ethanol can only be increased to a maximum of 95 wt% owing to the azeotropic point. Further anhydrous ethanol enrichment can be achieved with azeotropic distillation or extractive distillation. Unfortunately, such distillation processes consume a large amount of energy, around 31% to 64% of the heating value of the anhydrous ethanol. 13 Therefore, a more efficient method is urgently required. Although some alternative methods have been developed and applied, such as membrane pervaporation 15, 16 and adsorption by zeolites, [17] [18] [19] water-ethanol separation still remains an important problem in anhydrous ethanol production. The fact that carbon nanotubes (CNTs) can transport fluid [20] [21] [22] has inspired their potential application as membranes. 23 CNT membranes have been proposed for the separation of various substances, such as gas separation, 24, 25 desalination, [26] [27] [28] gaswater separation, 29 water-methanol separation [31] [32] [33] [34] and the separation of organic molecules from water. 30 Moreover, the study of CNT-based water-ethanol separation has attracted considerable attention. [33] [34] [35] [36] Because the van der Waals interaction between CNTs and ethanol is stronger than that between CNTs and water, ethanol molecules preferentially fill CNTs over water molecules. [33] [34] [35] [36] However, the preference of ethanol to occupy CNTs decreases significantly as the diameter of the CNTs increases. 36 A difference in ion concentration across a biological membrane can induce a strong electric field, which can measure from 0.06 to 0.3 V nm
À1
. 37, 38 The existence of such electric fields in biological membranes has led to an increased number of studies on water confined in nanoscale spaces under electric fields in recent years. [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] Beyond its importance in biological science, the effect of electric fields at the nanoscale is promising for nanotechnology-based applications, such as nano pumping [50] [51] [52] [53] [54] and water purification. 55 Under electric fields, water in CNTs assembles into a rich variety of structures. 43, 45, 46, 56 Recently, we demonstrated that water structures induced by electric fields show potential for the separation of water-methanol solutions. 34 In this work, we demonstrate the water and ethanol separation effect of CNTs under electric fields for water-ethanol solutions using molecular dynamics (MD) simulations. Without the presence of an electric field, the van der Waals interactions between CNTs and ethanol causes ethanol to preferentially occupy CNTs over water, resulting in a separation effect. However, as the CNT diameter increases, the selectivity for ethanol significantly decreases owing to a decrease in the strength of the van der Waals interaction. In contrast, under an electric field, water preferentially fills the CNTs over ethanol, i.e., selectivity for water. The electrostatic interactions within the structure of the water molecules is an important factor in the separation effect under an electric field. Interestingly, the electrostatic interaction depends on the structure of the water molecules in the CNTs instead of the CNT diameter. As a result, under an electric field the strength of the separation effect does not significantly decrease with increasing CNT diameter. Furthermore, the separation of methanol-ethanol solutions is also possible. Under an electric field, methanol preferentially flows into CNTs over ethanol for a wide range of CNT diameters.
Method
The model system for the MD simulation was the same as that in our earlier studies, 34 (6, 6) , (7, 7) , (8, 8) , (9, 9) , (10, 10) , (12, 12) , (15, 15) , (20, 20) , (25, 25) , and (30,30) CNTs, respectively. The reservoirs were filled with water-ethanol mixtures with water mole fractions (w water ) of 0.81 (the number of molecules in each reservoir was N water = 4000 and N ethanol = 964) and 0.19 (N water = 964 and N ethanol = 4000), equivalent to mass fractions of 61.9% and 8.6%, respectively. To clarify the separation effect, we also investigated the effect of an electric field on ethanol molecules. In these cases, (8, 8) and (10, 10) CNTs were used and the reservoirs were filled with ethanol molecules only. All components were placed in a rectangular box that was subjected to periodic boundary conditions in all directions (x, y, and z-axes). The SPC 57 model was used for the water molecules and the OPLS united-atom 58, 59 model was used for the ethanol molecules. It has previously been shown that the OPLS-UA model can well reproduce the properties of ethanol, 60 and it has been widely used for molecular dynamics studies. 19, 35, 61 In this model, each ethanol molecule is represented by four interaction sites, i.e., hydrogen atom (H), oxygen atom (O), methylene group (CH 2 ), and methyl group (CH 3 ). The LennardJones (LJ) parameters and charges for each site are shown in applied in the direction of the positive z-axis. It was assumed that the applied electric field does not influence the electron population of carbon atoms in the CNTs. The electric field was assumed uniform in the CNTs. It is noted here that the threshold at which an electric field induces the dissociation of water molecules is 3.5 V nm
À1
. 62 The simulations were performed using GROMACS 4.5.5 software. 63 The van der Waals interactions were cut off at 1.5 nm, and the electrostatic interactions were treated using the particle mesh Ewald (PME) method 64 with the real space cut off also set to 1.5 nm. The length of the chemical bonds of the water and ethanol molecules and the angles between them were kept constant with the SHAKE algorithm. 65 Torsional motion about the C-O bond was the only intramolecular dynamics considered in the simulation. The CNTs and graphene were made rigid by keeping the length and angle of the chemical bonds constant. The simulation was performed with NL x L y P z T, and the temperature (T) was kept at 300 K with the Nosé-Hoover coupling scheme. 66, 67 The pressure in the axial direction (z-axis) was maintained at 0.1 MPa using the Parrinello-Rahman technique. 68 The time step was set to 2 fs and the simulations were performed for production runs of around 10 ns.
Results and discussion
The simulation results are presented in the following order. First, the results of the separation effect for water-ethanol solutions are discussed. Then, we clarify the separation effect from two viewpoints, i.e., by comparing the molecular structures and potential energies of ethanol and water. Finally, the separation effect for a methanol-ethanol solution is also discussed.
Separation effect for water-ethanol solutions
The separation effect was investigated by filling the reservoirs with mixtures of water-ethanol molecules. The same as in our previous study on water-methanol mixtures, 34 the separation effect was obtained by calculating the mole fractions in the CNTs and comparing them with those in the reservoirs, as Fig. 1A and B, respectively. Without an electric field, ethanol molecules preferentially fill the CNTs over water molecules. This preference produces a separation effect for ethanol. The separation effect is strong for small CNT diameters, but significantly decreases with increasing CNT diameter when no electric field is present. A similar trend was also confirmed in a previous study on the separation of water-ethanol solutions. 36 In contrast, in the presence of an electric field, w water in the CNTs is higher than that in the reservoirs. At 1 and 2 V nm À1 , w water = 1.0 in all of the CNTs, i.e., only water occupies the CNTs (Fig. 1A) . At 0.5 V nm À1 , w water = 1.0 in all of the CNTs, except for the (6,6) CNT. Even when w water in the reservoirs is very low, w water in the (6,6) to (15, 15) CNTs is 1.0 at 2 V nm À1 . This decreases to 0.82, 0.95, and 0.77 in the (20, 20) , (25, 25) , and (30,30) CNTs, respectively (Fig. 1B) . Under an electric field, water molecules preferentially fill CNTs over ethanol molecules, resulting in a separation effect for water. Interestingly, this separation effect under an electric field is stronger than that without the presence of an electric field and does not significantly decrease as the CNT diameter increases. The dependency of the mole fractions of water and ethanol in the CNTs on the strength of the electric field is shown in Fig. 2 . w water in the CNTs increases with the strength of the electric field E. It is obvious that the effect of E r 0.5 V nm À1 on the separation effect with the (6,6) CNT is weaker than that with larger CNTs. As explained in the following paragraph, the structure of water molecules in the CNTs plays an important role in the separation effect under an electric field. Water molecules in the (6,6) CNT have a single file structure. 20, 69, 70 This changes to a zig-zag structure under E Z 0.5 V nm À1 , 34 i.e., a more stable structure. only water molecules fill the CNT, and they form ordered (helical) structures. These ice-nanotube structures are induced by the electric field. 43, 45, 46, 56 The formation of this ordered structure makes water more stable than ethanol in the CNT. As a result, the CNT prefers to adsorb water instead of ethanol. Under the electric field, the water structure in the CNT becomes more stable owing to electrostatic interaction within the structure, as shown in the next section. We also performed simulations with a TIP4P water model, (8, 8) CNT and w water = 0.19 in the reservoirs to clarify the dependency of the separation effect on the water model. At E Z 0.5 V nm
À1
, only water molecules occupy the CNT (see Table S1 in ESI †). Moreover, the water molecules form helical structures in the CNT as well (Fig. S1 , ESI †). This result suggests that the separation effect with an electric field shows little dependence on the water model.
The effect of an electric field on the separation of waterethanol solutions as presented in Fig. 1 to 3 is similar to that for water-methanol solutions. 34 With an electric field, w water is obviously higher in the (25, 25) CNT than in (20, 20) and (30, 30) CNTs (Fig. 1) . The same trend is also observed for the separation of water-methanol solutions. 34 This suggests that the water structure in the (25, 25) CNT is more stable than that in the (20, 20) CNT. Moreover, it implies that the separation effect with the electric field is more dependent on this molecular structure than on the CNT diameter. We analyzed hydrogen bond (HB) auto correlation functions of the water structures in (20, 20) , (25, 25) and (30, 30) CNTs to clarify the HB dynamics in the structures (see Fig. S2 and S3 in ESI †). As shown in Fig. S3 (ESI †), the lifetime of the HBs in the water structure in the (25, 25) CNT is longer than that in the (20, 20) and (30, 30) CNTs. This indicates that the water structure in the (25, 25) CNT is stronger than that in the (20, 20) and (30, 30) CNTs.
To clarify the separation mechanism, we investigated the effect of electric fields on ethanol by filling the reservoirs with only ethanol molecules. The average number of ethanol molecules occupying the (8, 8) and (10, 10) CNTs are shown in Table 2 . The occupancy of ethanol in the CNTs tends to increase with electric field strength. The electric field does not decrease the number of ethanol molecules in the CNTs. As with water molecules, 34, 56 the electric field facilitates the filling of the CNTs with ethanol molecules. The mechanism of this separation effect can be explained by comparing the structure and potential energy of ethanol with those of water as follows.
Orientations and structures of molecules in CNTs
The direct effect of applying an electric field to ethanol is a change in dipole moment orientation. This is caused by the action of the forces induced by the electric field on the positive charges of hydrogen (H) and methylene (CH 2 ) and on the negative charge of oxygen (O). These forces produce a moment that aligns the direction of the dipole moment parallel to that of the electric field. Fig. 4 shows the direction of the dipole moment of the ethanol molecules in the (8, 8) and (10, 10) CNTs under electric fields of 0, 1, and 2 V nm À1 . The direction of the dipole moment is indicated by the angle a between the dipole vector m and the electric field E. At 0 V nm À1 , the dipole moment of ethanol in the (8, 8) CNT has a particular orientation of cos a = À0.9. This differs from the dipole moment of the water molecules, which have two opposing orientations of cos a = À0.8 and 0.8, 56 in the (8,8) CNT. It seems that molecular size is the origin of the different dipole orientations of ethanol and water. At 0 V nm À1 in the larger (10,10) CNT, the dipole moment orients in all directions with two small-peaks at cos a = À0.9 and 0.9, which are similar to those of the water molecules. At 1 and 2 V nm À1 , the direction of the dipole moment of , only water molecules occupy the CNT and they form a helical structure. ethanol in the (8, 8) and (10, 10) CNTs is parallel to the electric field E, which is the same as the direction of the dipole moment of the water molecules under the electric field. Distribution of the dihedral angle associated with the torsional motion of the O-C bond is shown in Fig. 5 . The central peak at a = 1801 and the two mirror-image peaks at a = 721 and 2881 (black curve) arise from ethanol in the reservoirs.
À1
, the population of trans conformer in the reservoirs is 50%. This is in very good agreement with that of bulk ethanol at 298 K. 59, 60 The population of trans conformer in the reservoirs increases slightly to 51% and 52% at 1 and 2 V nm
, respectively. In the (8, 8) CNT, ethanol tends to form the gauche conformer, which is different from the dihedral angle distribution in the reservoirs. The proportion of gauche conformer is 82%, 85%, and 81% at 0, 1, and 2 V nm Fig. 6 (discussed in the next section). In the larger diameter (10,10) CNT at 0 V nm À1 , the distribution of the dihedral angle becomes similar to that in the reservoirs, i.e., 49% trans conformer. As shown by the snapshot in Fig. 5 (bottom) , at 0 V nm À1 the ethanol structure is disordered. At 1 or 2 V nm
, ethanol forms two structures in the (10,10) CNT, each of which is similar to that in the (8, 8) CNT. However, the ethanol molecules tend to form the trans conformer instead of the gauche conformer seen in the (8, 8) CNT. At 1 and 2 V nm À1 , the proportion of trans conformer in the (10,10) CNT is 67%. Thus, the CNT diameter could be an important factor affecting the dihedral angle.
The structures of ethanol molecules in the CNTs are shown in perspective projection and two-dimensions (2D) in Fig. 6A and B, respectively. The radial positions of oxygen atoms in the CNTs were averaged to determine the radius of each tube. Then, all atoms of the ethanol molecules were radially projected on the tube wall. Finally, the tube wall was opened to obtain the 2D structures. In the (8, 8) CNT at 2 V nm
, ethanol forms a single line structure as shown in Fig. 6A (left) and B (left). In the (10,10) , ethanol forms two parallel structures as shown in Fig. 6A (right) and B (right) .
We employed geometrical criteria to analyze the hydrogen bonds (HBs). A pair of ethanol molecules were considered to have HBs if they fulfilled the following three conditions: , respectively. The electric field does not significantly increase the number of HBs. However, HBs under an electric field are stronger than those without an electric field. As shown in the next section, the Coulomb potential energy per molecule in the presence of an electric field is lower than that without an electric field. This indicates that the electric field strengthens the electrostatic interaction within the ethanol molecule structure.
Ethanol forms a HB network only with oxygen and hydrogen atoms, and methyl and methylene groups cannot contribute to the HB network. As seen in the (10,10) CNT in Fig. 6B (right), methyl groups from each structure are close to each other. This causes the formation of two parallel structures that have no outward-facing HBs. Bulk ethanol shows a similar linear chain HB structure. 60 Water molecules can form a HB bond network with their all atoms. Therefore, the number of HBs per water molecule is higher than that for ethanol, i.e., 2.84, 2.93, and 2.77 in the (8, 8) CNT at 0, 1, and 2 V nm À1 , respectively. 34 This makes the electrostatic interaction within the water structure stronger than that within the ethanol structure. In other words, water structures in CNTs under an electric field are more stable than those of ethanol.
Potential energies
3.3.1 Lennard-Jones potential energy. To investigate the interaction between the CNT and ethanol molecules, we calculated the Lennard-Jones (LJ) potential energy of ethanol in the reservoirs and in the CNT. The distribution of the LJ potential energy at 0 and 2 V nm À1 is shown in Fig. 7 . The difference between the LJ potential energy in the CNT and in the reservoirs, DU LJ = U LJ,CNT À U LJ,Res , indicates the van der Waals interaction between the CNT and ethanol molecules. At 0 V nm À1 , the average LJ potential in the reservoirs and in the (8,8) CNT is À22.79 kJ mol À1 and À43.03 kJ mol À1 , respectively ( 34 which is higher than that for ethanol. This means that the CNT-ethanol interaction is stronger than the CNT-water interaction. Moreover, this implies that the CNTethanol van der Waals interaction facilitates the filling of the CNT with ethanol in preference to water (Fig. 1) . At 2 V nm À1 , DU LJ for water becomes positive, 6.29 kJ mol À1 . This indicates a repulsive CNT-water interaction. Thus, in the presence of the electric field, the CNT-water van der Waals interaction does not contribute to the preferential filling of CNTs by water (Fig. 1) . This repulsive interaction supports the previous result that an ice-nanotube structure induced by an electric field can flow through a CNT. 56 The DU LJ for the (10, 10) CNT is shown in the 6th column of Table 3 , i.e., À16.69 and À15.48 kJ mol À1 at 0 and 2 V nm À1 ,
respectively. This higher DU LJ in the (10,10) CNT, compared to that in the (8, 8) CNT, implies that the strength of the attractive CNT-ethanol interaction decreases with increasing CNT diameter. Fig. 7 confirms this result; the distribution of U LJ for . The LJ potential energy in the CNTs is lower than that in the reservoirs, denoting an attractive van der Waals interaction between the CNTs and ethanol. This attractive interaction decreases with increasing CNT diameter, as shown by the higher distribution for the (10,10) CNT compared with that for the (8, 8) CNT. the (10, 10) CNT is shifted to a higher energy compared with that for the (8, 8) CNT. 3.3.2 Coulomb potential energy. Fig. 8 shows the distribution of the Coulomb potential energy of ethanol in the reservoirs and CNTs. At 0 V nm
À1
, there is no significant difference between the potential energy in the reservoirs and in the CNTs. For the (8, 8) CNT, the average potential energies are À58.89 kJ mol À1 in the reservoirs and À60.80 kJ mol À1 in the CNT (Table 3) .
At 2 V nm

À1
, the Coulomb potential energy decreases from À61.68 kJ mol À1 in the reservoirs to À73.21 kJ mol À1 in the (8, 8) CNT. The electric field makes the electrostatic interactions within the ethanol molecule structure in the CNT stronger than that in the reservoirs. DU coulomb decreases from À1.91 kJ mol À1 to À11.53 kJ mol À1 at 0 and 2 V nm
, respectively. This means that under an electric field the Coulomb potential energy drives the ethanol molecules to fill the CNT. DU coulomb does not increase with CNT diameter, i.e., À12.10 kJ mol À1 in the (10,10) CNT at 2 V nm
. Unlike the van der Waals interaction, the electrostatic interaction in the molecule structure in the CNTs under an electric field does not decrease with increasing CNT diameter. Fig. 8 shows that the distribution of U coulomb for the (10,10) CNT is not shifted to higher energy compared with that of the (8,8) CNT.
The DU coulomb for water at 0 and 2 V nm À1 are 12.13 and À31.55 kJ mol À1 , respectively. 34 Without an electric field, the Coulomb potential energy does not act as a driving energy for water to fill the CNT. Conversely, with an electric field, the Coulomb potential energy is the main factor facilitating water to fill the CNT. At 2 V nm À1 in the larger (10,10) CNT, DU coulomb decreases to À35.1 kJ mol À1 . This supports the notion that the electrostatic interaction between molecules in CNTs under electric fields does not decrease with increasing CNT diameter. The Coulomb potential energy per molecule for water in the (8, 8) CNT at 2 V nm À1 is À129.01 kJ mol À1 , which is much lower than that for ethanol. This clarifies that the electrostatic interaction in the water structure is stronger than that in the ethanol structure. 3.3.3 Dipole potential energy. When a dipole moment is subjected to an external electric field, it has a dipole potential energy as follows
where m is the vector of the dipole moment and E is the electric field. The potential energy becomes a minimum if the direction of the dipole moment is parallel to that of the electric field. However, under an electric field, the direction of the dipole moment is not statically parallel to the electric field but oscillates around it. The presence of graphene sheets causes polarization in the reservoirs. This polarization induces an internal electric field in the direction opposite to the external electric field. 56 As a result, the effective electric field in the reservoir becomes lower than that in the CNT. This makes the amplitude of the dipole oscillation in the reservoir larger than that in the CNT. Consequently, the distribution of the dipole potential in the reservoirs is broader (see Fig. 9 ), and the average dipole potential in the reservoirs is slightly higher than that in the CNT (Table 3) . DU dipole for the (8, 8) and (10,10) CNTs are À1.22 kJ mol À1 and À1.24 kJ mol À1 , respectively. The diameter of the CNT does not significantly influence DU dipole . The DU dipole for water is slightly lower, À5.06 kJ mol À1 . This is because the dipole moment of water is higher than that of ethanol, i.e., 2.27 D and 2.22 D, respectively. Thus, the polarization effect is stronger for water and the effective electric field in the reservoirs becomes lower. As a result, the amplitude of the rotational motion of water molecules in the . Under an electric field, the potential energy in the CNTs is lower than that in the reservoirs. The electric field strengthens the electrostatic interactions within the ethanol molecule structure in the CNTs. , respectively. A decrease in DU total denotes that the electric field causes ethanol molecules to preferentially fill the CNTs. This agrees with the occupancy data, which indicates that the presence of an electric field increases the number of ethanol molecules in CNTs (Table 2) .
3.3.4 The sum of the potential energies. To clarify the separation effect, we calculated DU system , which is defined as the DU total per molecule given in Table 3 multiplied by the number of all molecules in the CNT ( Table 2) . The results are compared with the DU system of water and methanol 34 in Table 4 and displayed in Fig. 10 . At 0 V nm À1 , the DU system of ethanol is lower than that of water, i.e., À265.80 and 63.18 kJ mol À1 ,
respectively. This explains why ethanol preferentially fills CNTs over water (Fig. 1) . The LJ potential energy or the interaction between the CNT and ethanol is the dominant factor determining the DU system of ethanol (Table 3) . DU LJ increases with CNT diameter, hence without an electric field the separation effect significantly decreases with increasing CNT diameter. The DU system of water tends to be lower than that of ethanol and methanol in the presence of an electric field. At 1 V nm À1 and 2 V nm À1 , the DU system of water is much lower than that of both ethanol and methanol (Table 4 ). This causes water to strongly preferentially fill CNTs over both ethanol ( Fig. 1 ) and methanol. 34 Under an electric field, the Coulomb potential energy or the electrostatic interaction within the water molecule structure is the main factor that determines its DU system . The electrostatic interaction does not become weaker with increasing the CNT diameter. As a result, the separation effect under an electric field does not decrease over a wide range of CNT diameters.
Actually, at 0.5, 1, and 2 V nm À1 , the DU total per molecule for ethanol is lower than that for water owing to the contribution of DU LJ and DU coulomb . However, because the occupancy of water molecules in the CNT is much higher than that of ethanol molecules, the DU system for water is much lower. More water molecules can occupy a CNT than ethanol molecules because water molecules are smaller than ethanol molecules. Another reason is that water molecules can form a hydrogen bond network with all of their atoms. This makes the structure of water molecules in the CNT more compact and so it can contain more molecules. This result suggests that water can be effectively separated from other longer alcohol molecules such as propanol and butanol using an electric field and CNTs.
Separation of methanol-ethanol solution with CNTs and electric fields
There is a significant difference between the DU system of ethanol and methanol both with and without the presence of an electric field (see Fig. 10 ). It is thus expected that the separation of a methanol-ethanol solution can be achieved using CNTs both with and without an electric field. To examine the separation effect for methanol-ethanol solutions, we carried out simulations by filling the reservoirs with a mixture of methanol and ethanol molecules in which the mole fraction of methanol (or ethanol) is 50%. The CNT diameter was varied from 0.95 nm to 4.07 nm, corresponding to (7,7) and (30,30) CNTs, respectively. Fig. 11 shows the separation effect for a methanol-ethanol solution with and without the presence of an electric field. At 0 V nm À1 , w ethanol in the CNTs is larger than that in the reservoirs. Without an electric field, ethanol molecules preferentially fill the CNTs over methanol, resulting in a separation effect for ethanol. This result confirms the results shown in Fig. 10 in which the DU system for ethanol is lower than that for methanol. At 0 V nm
À1
, the ethanol-CNT van der Waals interaction is the main factor determining the separation effect. (8, 8) CNT and reservoirs filled with water molecules (CNT-water system), methanol molecules (CNT-methanol system), and ethanol molecules (CNT-ethanol system). DU system is defined as the DU total per molecule multiplied by the number of molecules occupying the (8, 8) Fig. 10 Comparison of DU system for water (CNT-water system), methanol (CNT-methanol system), and ethanol (CNT-ethanol system) in the (8, 8) CNT. Under an electric field, DU system of water is lower than that of methanol and ethanol. This suggests that water fills the CNT in preference to methanol and ethanol.
However, the strength of this interaction significantly decreases with increasing CNT diameter. As a result, the separation effect decreases with increasing CNT diameter (Fig. 11) .
In contrast, under 0.5, 1, and 2 V nm À1 electric fields, w methanol in the CNTs is larger than that in the reservoirs (Fig. 11 ). This indicates that methanol preferentially flows into the CNTs over ethanol, producing a separation effect for methanol. This confirms the results also shown in Fig. 10 where the DU system of methanol is lower than that of ethanol. The electrostatic interaction within the methanol molecule structure determines the separation effect under an electric field. The interaction depends on the molecule structure instead of the CNT diameter. As a result, the separation effect under an electric field is strong over a wide range of CNT diameters.
Under an electric field, the DU total per molecule for ethanol and methanol is not significantly different (Table 4) . However, the difference in occupancy, which arises from the difference in molecular size, means that the DU system of methanol is significantly lower than that of ethanol. This suggests that CNTs and electric fields can be used to separate one type of alcohol from another based their molecular size.
Conclusions
We demonstrate the effect of axial electric fields on the separation of water-ethanol solutions using CNTs. Without an electric field, CNTs prefer to adsorb ethanol over water, producing a separation effect for ethanol. The CNT-ethanol van der Waals interaction is an important factor that determines the separation effect without the presence of an electric field. However, as CNT diameter increases, the strength of this separation effect decreases significantly owing to the decrease in the strength of the van der Waals interaction. In contrast, under an electric field, water fills CNTs in preference to ethanol, resulting in a separation effect for water. The electrostatic interactions within the water molecule structure play an important role in the separation under an electric field. The electric field aligns and induces the formation of ordered structures of water molecules in the CNTs. The formation of the ordered structures strengthens the electrostatic interactions or hydrogen bonds within the structures. The electrostatic interactions are more dependent on the water structure in the CNT than on the CNT diameter. As a result, the strength of the separation effect under an electric field does not significantly decrease with increasing CNT diameter.
CNTs under electric fields are also able to separate methanolethanol solutions. In the presence of an electric field, methanol preferentially occupies CNTs over ethanol, resulting in a separation effect. The electrostatic interaction between methanol molecules in the CNTs is an important factor in the separation effect under an electric field. The interaction depends on the molecule structures in the CNT instead of CNT diameter, hence the separation of a methanol-ethanol solution under an electric field does not significantly decrease with CNT diameter. 
